Introduction
Endotracheal tube (ETT) intubation and mechanical ventilation are an essential component of intensive care for critically ill patients, but can impair mucociliary clearance and cause secretion retention, airway occlusion, atelectasis, and pneumonia. 1 Well described risk factors include mucus hypersecretion caused by the underlying pathophysiology or by micro-trauma from the ETT, poor circuit humidification, loss of mucociliary transport from the tip of the ETT, and compromised cough because of sedation and glottic splinting. 1, [2] [3] [4] [5] [6] SEE THE RELATED EDITORIAL ON PAGE 1970 Inspiratory and expiratory air flow dynamics generated by ventilator settings may also contribute substantially to mucus movement, but this is less well recognized in the clinical environment and deserves some attention. Studies in animal and lung models have consistently demonstrated that inspiratory or expiratory flow bias can result in net migration of mucus in the direction of the flow bias. [7] [8] [9] To move mucus cephalad so that it may be easily removed by suctioning or cough, an overall expiratory flow bias must exist. By contrast, net caudad mucus migration over many consecutive hours of mechanical ventilation may result in important clinical consequences for vulnerable patients.
Volpe et al, in a series of laboratory studies, confirmed that ventilator settings that produced flow bias had a major effect on mucus movement, with the potential either to clear or embed secretions. 10 The results of laboratory stud-ies should be extrapolated with caution to the clinical environment, but the consistency of the findings of previous studies, and the fact that all the bench experiments used clinically plausible ventilator settings, suggest a credible and growing body of evidence that ventilator settings can promote or hinder secretion clearance.
The reported critical threshold of flow bias for mucus movement has differed slightly in the available studies, but there is general agreement that there must be a difference of at least 10% between the peak inspiratory and peak expiratory flows for net mucus migration to occur via 2-phase gas/liquid interaction. 8, 11 Volpe et al found that, with a 1.5% polyethylene oxide mucus stimulant, an absolute expiratory to inspiratory flow difference of 17 L/min better explained the displacement of mucus than did the inspiratory to expiratory flow ratio. 10 The aims of this observational study were to determine the inspiratory to expiratory flow bias during conventional ventilator settings in intubated adult patients, and to interpret those findings in the context of critical flow bias thresholds reported in the literature.
Methods
This study was approved by the ethics committee of Guy's and St Thomas' National Health Service Foundation Trust, London, United Kingdom, and conducted in its intensive care unit. As part of a larger clinical feasibility trial in mechanically ventilated adults who were deemed to require chest physiotherapy in the intensive care unit, we continuously recorded respiratory data during baseline mechanical ventilator settings. Consecutive eligible patients were recruited, and ventilator settings were not altered prior to data collection. Steady-state data were electronically recorded and downloaded for at least 15 min prior to any intervention, to prevent bias or influence from physiotherapy, nursing, or medical staff.
The baseline respiratory data we recorded included:
• Peak inspiratory and expiratory flow (PIF and PEF)
• Inspired and expired tidal volumes (V I and V E )
• Inspiratory and expiratory time (T I and T E )
• Peak inspiratory pressure (PIP)
• Positive end expiratory pressure (PEEP)
Inclusion Criteria
We screened patients who were admitted to the intensive care unit from June to September 2008, and included intubated and mechanically ventilated adult patients who required chest physiotherapy and were cardiovascularly stable. The inclusion criteria were deliberately broad in order to include a heterogeneous patient population.
Exclusion Criteria
We excluded patients at risk of pulmonary hemorrhage, with osteoporosis, or whose medical instability precluded physiotherapy, and patients who had an ETT leak of Ͼ 20%.
Equipment
We measured respiratory variables with a noninvasive respiratory monitor (CO 2 SMO Plus, Respironics, Wallingford, Connecticut). The disposable flow sensor was inserted between the closed-suctioning-catheter mount and the ETT, and measured air flow and pressure at a sampling frequency of 100 Hz.
Before the study, to assess the accuracy of the individual flow and pressure sensors, we used a 500-mL calibrated syringe (Hans Rudolph, Shawnee, Kansas) to inject volumes of 100 mL and 500 mL through the respiratory monitor, at various rates, and compared the known volume to the volume measured by the respiratory monitor. We deemed agreement within 5% acceptable for this study.
Protocol
Each patient was positioned supine, and the head of the bed was elevated to 30 -45°, in the absence of any other patient-care interventions. We assessed ETT leak and excluded the data if ETT leak was above 20% despite repositioning the patient. 12 No substantial leaks were expected, because we used cuffed ETTs. We continuously recorded stable baseline mechanical ventilation without any interventions (eg, airway suctioning or patient repositioning) for at least 15 min.
We recorded details of the ventilation modes and settings from the patients' charts and directly from the ventilators. The mechanical ventilators used were the Evita XL (Dräger Medical, Lübeck, Germany) and the Avea (CareFusion, Hochberg, Germany). Ventilation modes mainly included spontaneous breathing on CPAP and pressure support (patient-triggered, flow-cycled breaths). Other modes included: Bi-level positive airway pressure (with a set breath rate, to transition from a high pressure to a low pressure, and which allows the patient to spontaneously breathe at both pressure levels); and pressure-regulated volume control (pressure-limited, time-cycled breaths with a set tidal volume and variable flow delivery, with pressure adjusted based on lung/ thorax compliance/resistance and patient effort).
Data Analysis
We analyzed 50 breaths per patient, which was the lowest common number of breaths in the 15-min recorded interval. We calculated leak during baseline data collection, with the following formula:
We calculated PEF/PIF and mean inspiratory-expiratory flow difference from the PIF and PEF raw data. We analyzed the respiratory monitor data (PIF, PEF, PIP, PEEP, T I , T E , V I , and V E ) in statistics software (SPSS 18, SPSS, Chicago, Illinois), and compared the data to the bias-flow thresholds reported in previous studies (10% and 17 L/ min).
Results
We included 20 patients (13 males), whose mean Ϯ SD age was 60 Ϯ 17 years. No patients were excluded due to ETT leak. Table 1 shows the admission diagnoses and ventilation modes. Seventeen patients were on spontaneous ventilation modes, and the rest were on bi-level positive airway pressure or pressure-regulated volume-controlled ventilation. The F IO 2 range was 0.3-0.6 (median 0.3). The intensive-care-unit stay range was 2-42 days (median 11 d) prior to the study measurements. Table 2 shows the respiratory measurements. Figure 1 shows the flow bias data. The mean Ϯ SD PIF/PEF was 1.6 Ϯ 0.4. All the patients had an absolute inspiratory flow bias of Ͼ 0.9, and all but one patient had an inspiratory flow bias of Ͼ 1.1, which, theoretically, is sufficient to cause caudad mucus movement and thus embed secretions. Eight patients had an inspiratory flow bias Fig. 1 . Mean ratio of peak inspiratory flow (PIF) to peak expiratory flow (PEF) for all 20 patients. The shaded areas that start at 1.1 and 0.9 represent the inspiratory bias and expiratory bias, respectively, identified as mucus-movement thresholds by Kim et al, 8 and the white area between the shaded areas represents the range in which, theoretically, the flow bias would not move mucus caudad or cephalad. (Fig. 2) . The other 12 patients had flow bias values that, theoretically, should result in no net mucus movement. None of the patients had flow-bias conditions that would have enhanced mucus clearance. The highest mean inspiratory flow bias difference was 55.9 L/min (95% CI for inspiratory-expiratory flow difference 57.4 -75.4 L/min) in patient 1, who was on CPAP (5 cm H 2 O) and pressure support (8 cm H 2 O). He was a 58-year-old man admitted following cardiac arrest, and presenting with bilateral lower-zone infiltrates on chest radiograph (Fig. 3) .
In contrast, the lowest mean inspiratory flow bias was only 3.2 L/min (95% CI for inspiratory-expiratory flow difference 3.8 -11.9 L/min) in patient 15, who was on CPAP (7 cm H 2 O) and pressure support (16 cm H 2 O). He was a 65-year-old man admitted with cardiogenic shock (see Fig. 3 ).
The predominant use of CPAP and pressure support precluded analysis of the effect of ventilation mode on flow rate, because there were insufficient numbers of patients on the other modes (bi-level positive airway pressure and pressure-regulated volume-controlled ventilation).
Discussion
This preliminary investigation found that commonly used ventilator settings predominantly generated an inspiratory flow bias that may cause caudad mucus movement and secretion retention. Nineteen patients had an inspiratory flow bias of Ն 10% during standard mechanical ventilation. Eight patients also had an absolute difference of Ն 17 L/min, which Volpe et al 10 suggested causes caudad secretion movement. These are the theoretical conditions, according to a series of laboratory based studies, for embedding mucus in the lungs. None of the patients received mechanical ventilation compatible with cephalad mucus movement or secretion clearance (expiratory flow bias of 10% or 17 L/min).
Volpe et al suggested that, while both were important, the inspiratory-expiratory flow difference was a better predictor of mucus displacement than PIF/PEF. 10 However, the 17 L/min threshold should be interpreted with caution. It is not a universal threshold, but pertains to the specific conditions in the experiments by Volpe et al (horizontal, rigid airway with inner diameter 1.0 cm and length 30 cm, volume control ventilation, square-wave inspiratory flow, and simulated mucus). Our patients had the head of the bed elevated to 30 -45°, which may have augmented gravity-induced caudad mucus movement. Furthermore, mucus thicker than the simulated mucus used by Volpe et al would presumably require a flow of more than 17 L/min to move the mucus in either direction. Conversely, the 10% threshold proposed by Benjamin et al 7 and Kim et al 8 pertains to a broader range of simulated experimental conditions and may thus be more generalizable to clinical practice.
Sputum movement depends on mucus viscosity, mucus load, and the diameter of the airway. 11, 13 The smaller the airway diameter, the thinner the mucus layer required for mucus movement at a given gas flow. Mucus depth has to occupy at least 10% of the airway diameter in the large airways in order for 2-phase gas/liquid flow to occur. 7, 11 In the majority of patients, especially those with normal mucus production or good cough, the effect of ventilator flow bias may be clinically unimportant or negligible. However, in patients with mucus hypersecretion and inadequate airway defense mechanisms, prolonged ventilation with an inspiratory flow bias may embed mucus and cause serious respiratory complications.
It is unclear from the literature to what extent clinicians appreciate the effect that ventilator settings may have on inspiratory or expiratory flow bias. Clinicians are likely to set the ventilation mode, respiratory rate, tidal volume, airway pressures, and F IO 2 on the prioritized basis of gas exchange, ventilation, and metabolic status. They may not give sufficient consideration to the effect of flow bias on mucus movement.
Chest physiotherapy including lung hyperinflation, positioning, and airway suctioning, can assist with short-term improvements in secretion clearance and lung/thorax compliance, 14 but this may happen only sporadically during the day and even less frequently overnight. However, ventilator settings that cause an inspiratory flow bias throughout the remainder of the day and night, and counteract the benefits of secretion clearance maneuvers, may not optimize patient outcome.
The volume of gas moved in either direction is equal during normal respiration, but the peak or mean flow of the inspiratory and expiratory phases can differ substantially, and partly depends on the relationship between T I and T E . In this study the relatively short T I , in relation to T E , reflected conventional ventilator settings. In the study by Volpe et al the influence of T I on mucus movement was significant in univariate analysis, but fell away in favor of PIF during multivariate analysis. 10 Manipulating ventilator T I and T E to direct mucus movement is not common clinical practice, but may be a reasonable strategy for patients with mucus hypersecretion and poor secretion clearance.
Volpe et al demonstrated the benefits of inverse-ratio ventilation for enhancing secretion clearance in a bench model. 10 However, inverse-ratio ventilation may have adverse effects on hemodynamic function and cardiac output, and is sometimes reported as uncomfortable by patients, 15 so it may be challenging to achieve ventilation modes that promote mucus clearance. However, it should be relatively straightforward to achieve "neutral" mucus migration (flow bias of Ͻ 10%) by avoiding ventilation settings that promote mucus embedding, such as some of those we observed in the present study. Reducing inspiratory flow bias in CPAP and pressure support modes may be feasible by adjusting the inspiratory ramp or rise time during pressure-supported breaths, but this requires investigation.
Enhancing airway secretion clearance may not always be desirable. For example, during the early stages of ARDS or pneumonia there may be noxious biofluids in the peripheral airways, and containing that inflammatory material through patient positioning and/or ventilation strategies may be a means to minimize the progression of infection. 16, 17 Current ventilator management strategies aim to minimize lung injury and infection through the use of low tidal volume (4 -6 mL/kg), moderate to high PEEP, and headof-the-bed elevation up to 45°. 18 However, controversially, recent research with a sheep model found that with headof-the-bed elevation, gravity hindered secretion clearance and increased the risk of lower-respiratory-tract infection. 19 Hence, with the current standard head-of-the-bed elevation for pneumonia prevention, 18 a ventilation strategy that generates an expiratory flow bias may play an even more important role to ameliorate the effects, but requires further investigation.
Limitations
We had a small sample size and a short observation period (50 ventilator breaths). In addition, we did not collect information on the presence of airway secretions during the observation period. However, there is currently no accepted standard for the diagnosis of secretion retention in the intubated and ventilated patient. We also did not assess changes in PIF/PEF bias with changes in ventilation mode or settings.
Conclusions
Future research should explore the effects of expiratory and inspiratory flow bias on secretion clearance/retention in intubated ventilated patients. Secretion removal may be an important goal when adjusting the ventilator. Sometimes a patient's competing clinical needs may preclude ventilator settings that promote secretion clearance, but if this potential hazard is borne in mind, then efforts to reduce the absolute PIF/PEF difference or flow bias may reduce the risks of ventilation, augment chest physiotherapy, and potentially reduce the need for invasive airway care such as bronchoscopy.
